Introduction
The efficacy of hyalodendrin in curtailing the A species of Hyalodendrorz~class, Hypho-in vitro growth of Ceratocystis ~lltni (Buism.) mycetes; order, Hyphomycetales), a contaminant C. MOreau was assessed by comparing its isolated from a plate culture, was found to be with that of benomy' and n~statin. antagonistic to a broad spectrum of fungi in plate culture. In liquid-shake culture, the fungus produced a substance that prevented the germination of sporangia of Phytophthora infestans (Mont.) de Bary. This substance, designated hyalodendrin, was isolated in crystalline form and tested against a wide variety of microorganisms. The production, isolation, physical and chemical characteristics, antimicrobial activity, and mammalian toxicity are described here. 'Received September 12, 1973. 2We thank Dr. K. A. Pirozynski, Mycology Unit, Plant Research Institute, Agriculture Canada, Ottawa, for identification.
Materials and Methods

Production of Hyalodendrin
Stock cultures of Hyaloderzdron sp. (FSC-601) were kept in the dark at 22°C in test tubes containing 2% Difco malt extract -agar. Synthetic culture medium was prepared, inoculated, and incubated in shake cultures by the method described for the production of scytalidin . Optimum production of hyalodendrin was achieved in 10 to 12 days and was assayed by measuring the percentage germination of sporangia of Phytophthom infestans in serial dilutions of the culture filtrate (Stillwell and Hodgson 1968) . Alternatively, the production of the compound could be followed by thinlayer chromatographic (TLC) analysis of chloroform extracts of the culture filtrates, with plates coated with silica gel (Merck, GF-254, containing a fluorescent indicator) and a solvent system of benzene-acetone (94:6). Spots were detected with an ultraviolet lamp (UV S-11, Mineralight). It was found that the appearance of a new spot (RI 0.3) corresponding to bisdethiodi(methy1thio) hyalodendrin (Strunz et al. 1974 ) marked the period of peak production of hyalodendrin.
Isolation of Hyalodendritz
Hyalodendrin was extracted from 35 liters of the culture filtrate by manual shaking o r vigrous mechanical stirring with two 5-liter portions of chloroform. The extracts were evaporated to dryness under reduced pressure at 60 to 70°C, affording a dark-brown amorphous residue. The residue, dissolved in benzene, was applied to a column of silica gel (Kieselgel, 100-200 mesh, Gebr. Herrmann, Koln: 30 g silica gel for each gram of residue). Elution was monitored by thin-layer chromatography, and hyalodendrin was obtained from the chloroform-benzene (3:7) eluates. Evaporation of the solvent in vaclio yielded a reddish gum, which was further purified by crystallization from ether. The yield of pale yellow crystalline hyalodendrin obtained by this procedure was about 100 mg/liter of culture medium.
Biological Assay of Hyaloclet~drin
A disc-assay method was used to establish an antimicrobial spectrum for hyalodendrin. Malt extract -agar (2% Difco) in 9-cm petri plates was inoculated in the center with the test fungi in the form of mycelium removed from advancing zones of actively growing base-plate cultures, and incubated in the dark a t 22°C until the colonies were 2 to 3 cm in diameter. Filter-paper discs (G mm diameter) impregnated with the appropriate compounds were then embedded in the surface of the medium of each culture equidistant (25 to 30 mm) from the advancing margin of the fungal colonies. Except for controls, the discs contained nystatin (100 pg per disc), cryptosporiopsin (100 pg per disc), or hyalodendrin (100 o r 50 pg per disc) applied in acetone (Table 1 ). The distance between the mycelium front and the edge of each disc was recorded when the first evidence of inhibition occurred. Tests were done in duplicate.
Additional screening tests were conducted by Dr. H. Baker, Department of Microbiology, Ayerst Research Laboratories, Montreal, on a select group of 14 human bacterial and fungal pathogens ( Table 2 ). The antibacterial tests were made in test tubes with serial dilutions of the antibiotic in the appropriate media, prepared from a stock solution of hyalodendrin in dimethylformamide, concentration 1000 pg/ml. Activity against the pathogenic fungi was determined by the agar-diffusion method.
The synthetic medium described earlier was adjusted to p H 6.5 and used to study the effect of hyalodendrin on the growth of Ceratocystis ulnzi (Table 3) . Tests were done in triplicate and were conducted using 25-ml flasks each containing 4.8 ml of medium to which was added 0.1 ml of dimethyl sulfoxide (DMSO) containing the required amount of dissolved hyalodendrin; the resulting concentrations ranged from 0 t o 4 ppm after 0.1 ml of cell suspension was added to each flask. The spore suspension was obtained from 3-to 4-day-old cultures in the same medium and the 0.1 ml of suspension resulted in initial concentrations of about 110 cells/ml of culture solution.
Flasks containing similar concentrations of benomyl and nystatin were also inoculated for comparison. All cultures were placed on a gyratory shaker and incubated a t 22°C. Cell density was counted periodically on a Levy Counting Chamber and the mean of six counts formed the basis of each reading. T o test the stability of all three compounds, additional media were prepared and kept at room temperature for 8 days before inoculation.
The phytotoxic effect of hyalodendrin was compared with that of benomyl in 5-cm petri plates containing filter paper moistened with 1 ml of 2% DMSO containing the compounds at varying concentrations ( 
Experimental Results
Clzaracterization of Hyalodendrin
Using the TLC system described, the R, value of hyalodendrin was 0.6. Repeated crystallization from ether gave pale yellow prisms of pure hyalodendrin which melted at 100.5 to 101.5"C, and displayed h,,, (EtOH) at < 220 and 260 nm (slight inflection, E 1000), and +26" (c 1.06 in CHCI,). Its solubility in distilled water at 25°C appeared to be less than 1 mglliter.
Structure I has recently been established for the antibiotic C,4H,,N203S, on the basis of chemical and spectrometric studies described in detail elsewhere ).
Antimicrobial Activity of Hyalodendrin
All of the 55 fungi tested in the classes Basidiomycetes, Ascomycetes, Phycomycetes, and Deuteromycetes were sensitive to hyalodendrin at concentrations of 50 and 100 pg per disc. In fact, the sensitivity tests revealed that at least 40 of the fungi were more sensitive to hyalodendrin at 50 pg per disc than to nystatin at 100 pg per disc. An even larger number of fungi were more sensitive to hyalodendrin at 50 pg per disc than to either cryptosporiopsin or scytalidin each at 100 pg per disc (Table 1) . Test fungi were uninhibited by the controls. Hyalodendrin (0.1 to 4.0 ppm) inhibited the growth of Ceratocystis ulmi in culture at all concentrations and the degree of inhibition was comparable to that of benomyl. Nystatin, however, exhibited considerably less inhibitory activity at concentrations 0.1 to 1.0 ppm than either of the other two compounds (Table 3 ). In the flasks kept for 8 days before inoculation it was found that the activity of hyalodendrin and benomyl was undiminished in solutions (0.1 to 4.0 ppm) even after 16 days at 22°C. Nystatin showed no activity.
Eleven human pathogens (bacteria and fungi) were also shown to be sensitive to hyalodendrin at minimum inhibitory concentrations ranging from 12.5 to 50.0 pg/ml (Table 2) .
Antimicrobial Activity of Hyalodendrin Deriuatives Conversion of hyalodendrin to its acetate (Strunz et a1. 1973) produced no significant attenuation in its fungitoxic activity as determined by a series of bioassays, whereas bisdethiodi(methy1thio)hyalodendrin (structure 11), another metabolite of Hyalodendron sp. (Strunz et al. 1974) , was devoid of activity in similar bioassays (see footnote, Table 1 ).
Plzytotoxicity and Mammalian Toxicity
Hyalodendrin at concentrations of 100 ppm and higher caused significant inhibition of germination of lettuce seed. However, radish and Norway spruce germinated at all concentrations but severe stem and radicle distortion as well as some chlorosis was observed at concentrations of 100 ppm and higher. Seed germination appeared sure injection is an approach to the control of DED which has recently received considerable attention (Hansel 1973; Kondo, personal com- ( 1 1 ) munication3). Studies directed at the development of an active water-soluble derivative of to be unaffected by benomyl but it also caused some distortion and chlorosis of Norway spruce at 1000 ppm (Table 4) . The acute toxicity (LD,,) of hyalodeildrin introduced interperitoneally in adult Swiss albino mice was established at 75 mg/kg by Ayerst Research Laboratories, Montreal.
Discussion
The antimicrobial activity of hyalodendrin was, with few exceptions, considerably greater than that of nystatin, cryptosporiopsin, or scytalidin against the fungi associated with decay and deterioration in trees and wood products ( Table  1) . Growth of the other filamentous fungi was similarly inhibited.
Further experiments conducted with one of these, C. uln~i, the causal organism of Dutch elm disease (DED), showed that hyalodendrin compared favorably with nystatin and benomyl in its ability to inhibit growth (Table 3) . Although nystatin appeared to be the least effective in reducing growth, it should be noted that the comhyalodendrin for testing in a somewhat similar manner are in progress. One potentially attractive alternative currently being explored is the introduction of hyalodendrin in dilute DMSO solution. This approach is based on the ability of DMSO to penetrate animal and plant tissue (Leake 1966) . Such a carrier could greatly facilitate distribution of the compound throughout the tree, thereby minimizing the amount of the antibiotic required for effective control.
In this context, the activity of DMSO itself may be of further interest since the growth of C. ulmi was appreciably inhibited in the control medium containing 2% DMSO (Table 3 ). This suggests that some additional measure of control of DED could be achieved through the use of DMSO as a co-solvent. However, it is clear that the concentration of DMSO would have to be less than 2% to minimize phytotoxicity; the germination of seeds of both lettuce and Norway spruce was noticeably inhibited by 2% DMSO (Table 4) Grenzmeniella abietina (Lagerb.) Morelet, the cause of Scleroderris canker of pines, is another important pathogenic fungus which was shown to be highly sensitive to hyalodendrin (Table 1, Fig. 1 ). Since this fungus is most damaging in nurseries and pine plantations, hyalodendrin may be potentially useful here as a control agent. Studies are being initiated to assess its potential for control of Scleroderris canker.
The activity of hyalodendrin against the human pathogens tested suggests that the new antibiotic or a derivative may also have potential as a therapeutic agent in medicine. Other metabolites which, like hyalodendrin, contain an epidithiadiketopiperazine ring system have been found to possess interesting biological properties, including antibacterial, antiviral, and antifungal activity (Ottenheym et al. 1973) . Related compounds in which the sulfur bridge is replaced, for instance by thiomethyl ether groups," lack the striking biological properties of their bridged counterparts. Thus, it is not surprising that bisdethiodi(met1~ylthio)hyalodendrin 11, another metabolite of Hyalodendrorz (Strunz et a[. 1974 ), was inactive in a series of bioassays. On the other hand, in consonance with the view that the biological activity resides in the epidithiadiketopiperazine ring (Brewer et al. 1966) , modification at 'Cf. bisdethiodi(n~cthy1thio)acetylaranotin (Nagarajan et ul. 1968) and sporidesmin D (Jamieson rf 01. 1969). another site in the molecule, viz. conversion to the acetate, did not significantly affect the activity in bioassays.
